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Abstract-Although methodology to estimate transport delay and time constant of the 
mass spectrometer (MS) has been discussed for some time. there appears to be a ques- 
tion whether an exponential first order function is an appropriate fit to the analyzer 
response. We investigated the response of our MS (Perkin-Elmer 1100) to step changes 
in 0: and CO2 from ambient air to 13% and .i%, respectively, and developed regression 
technique to estimate transport delay and time constant. Output from the MS coupled 
to the data acquisition system was sampled at 100 Hz with a PDP I Ii10 computer system. 
Since the general form for a single time constant system with an initial and final values 
of I and F. with time delay. f,,, and time constant. T. is x = F + (I - F) sup (-(t - 
I~)/T). data were regressed over time to the straight line transformation -In((_v - F)! 
(I - F)) = t/T - tdlT. where f is time and y the experimental data. This is a straight 
line with slope l/r and vertical axis intercept of - ?,,/T. We find an excellent correlation 
between gas concentration data and the regression fit (r = 0.99) from IO to 95% of the 
response interval, resulting in T of 0.03 s and transport delay of 0.3 s for the Perkin- 
Elmer II00 mass spectrometer. We validated transport delay and time constant cor- 
rections on breath-by-breath gas exchange computations during physical exercise, and 
conclude that the experimental data fit well to the generalized first order exponential 
equation. 
The mass spectrometer, the infrared, and the paramagnetic respiratory gas analyzers have 
become an integral part of the respiratory physiology laboratory. especially in the research 
setting. With the increased use of breath-by-breath respiratory data acquisition[j. 4, 91 
including compensation for changes in functional residual capacity (FRC)[l4] and cor- 
rections for the time constant of the analytical device[6], it becomes important that both 
the transport delay of the gases to the analyzer and the time constant of the analyzer be 
accurately known[7]. Although the methodology to determine the transport delay and the 
time constant for respiratory data acquisition has been discussed for some time[S], there 
appears to be some question as to whether the exponential first order function is an 
appropriate fit to the gas analyzer response[l]. To investigate this question we studied 
the response of our mass spectrometer (Perkin-Elmer 1100, Pomona. CA) to step changes 
of 01 and CO1 and implemented regression techniques to estimate both the transport 
delays and the time constants. We then apply corrections of transport delay and time 
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constant to breath-by-breath respiratory gas exchange measurements obtained in exer- 
cising beagle dogs. 
METHODS 
We measured the response of the Perkin-Elmer II00 mass spectrometer to step con- 
centrations changes in O2 and CO2 from ambient air to 13% and 7% 02 and CO?. re- 
spectively. The gas was delivered from a high pressure tank, regulated to a reduced 
pressure of 7 x IO3 kg/m’ and controlled by a l.3-cm-diameter solenoid valve (Asco. 
Model 804-OB4 I IOV AC, Florham Park, NY) vented to ambient air. The mass spectrom- 
eter sampling cannula was located immediately adjacent to the valve opening. The solenoid 
was activated electrically via a mechanical switch, simultaneously producing an event 
specific voltage step of IO volts. This event and the electrical output from the mass spec- 
trometer, coupled to the data acquisition system[ I I, 111 with preamplifiers (O-30 Hz 
bandwidth). was digitized at 100 Hz with a PDP I l/IO computer system. This procedure 
is similar to the method which, under computer control, applies a step change in gas 
concentration at the sampling cannula tip[8]. The resulting waveform was stored in mem- 
ory for subsequent analysis of time delay, tJ, and time constant, T. 
Typical waveforms for the gas input and output of the mass spectrometer are shown 
graphically in Fig. I. The gas fractions do not respond until some time after the application 
of the gas step. This delay is due to the time required for the gas to be pulled through 
the sampling cannula which is effected by the pressure drop, the cannula resistance, and 
viscous properties of the gas. The viscosity of the gas is a function of the gas composition, 
and is treated in some detail in related applications[l3]. The change in viscosity due to a 
change in expired respiratory gas composition is considered to result in an insignificant 
change in this transport delay. More important is the small curvature at the onset of the 
response at point td prior to the pronounced time constant response of the mass spec- 
trometer. This curved onset complicates the estimate of fd[2] and has its origin from gas 
mixing both at the site of application and turbulent and diffusion mixing as the gas is 
drawn through the cannula. Because of its empirical nature we want to include its effects 
into the estimate of td. 
The pronounced curvature of the mass spectrometer output following td is related to 
the time constant of the instrument. If the response time was infinitely fast, a T of 0. the 
response in Fig. I would reach the final level immediately after passing the initial mixing 
phase. Since this is not the case, we will need to describe this curvature in terms of the 
time constant, 7. Once we have determined such a time constant T, it may be incorporated 
into the gas exchange computations and thereby correct for its effects[61. 
The step forcing of a system has been well analyzed[5] and is a predictor for a systems 
response for more generalized forcing functions. Basically, a step forcing is one which 
maintains the initial value, I, for all time r < 0 and maintains the final value. F, for all 
times f > 0, and pertains to the input gas. The transition between the two levels takes 
place at t = 0 and is accomplished in an infinitesimal short time interval. The general 
form for the output of a single-time-constant system with initial and final values of I and 
F is 
y = F + (I - Flew”‘. (I) 
Because of the transport delay in the cannula, this equation is modified such that response 
occurs at a time delayed by rd. thus 
.v = F + (1 _ F)e-“-‘dJ’T, (2) 
Computation of lime constant and tranqport dela) 
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Fig. I. Schematic of step change in input gas with respect to observed output of mass spectrometer. We measured 
the response of the Perkin-Elmer I IGil mass spectrometer to step concentration changes in O2 and CO: from 
ambient air to 13% and S57E 02 and CO:. respectively. while maintaining Argon at 0.93%. I,) represents time at 
the moment of the gas step transition. I,, represents arrival of gas pulse at mass spectrometer. Note the gradual 
onset of mass spectrometer response at L, before response enters the pronounced curvature phase attributed to 
the time constant of the system. The value of the transport delay, td. needs. therefore. to be computed 
mathematically. 
where 
F is the final value, 
I is the initial value, 
t time from step input at to, 
(Cl time delay, 
7 time constant. 
We need to determine rd and T. This may be accomplished by taking the natural logarithm 
of both sides of the equation. resulting in 
(3) 
This expression is a straight line over time with slope I/T and an intercept of - f&. Each 
point _V is the instantaneous mass spectrometer output. 
The initial gas value, I, is determined before the experimental step is applied and data 
averaged over I second. The final fractional gas value, F, is measured at a time period 
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when we have achieved steady state after the step is applied and occurs typically IO time 
constants or more aticr tJ. We chose 1 seconds after the output of the mass spectrometer 
exceeds a 10% change from the initial value. This is sufficient time to handle an assumed 
vvorst possible case time constant. T. of 0.2 seconds. 
RESULTS 
A typical mass spectrometer output for CO2 and 0: is shown in Fig. 1 after the ap- 
plication of a step change in input gas concentration. When plotting the logarithmic trans- 
formation of such a response over time, vve select the initial value. I for CO: and 0: as 
0.0003 and 0.1095. respectively. and final values, F. for ambient air CO2 and Oz. as 0.05 
and 0.13, respectively. and plot -ln[(_~ - Rl(f - F)] over time, where y is the instan- 
taneous CO2 or O2 concentration from IO% to 95% of the response. This we show graph- 
ically in Fig. 3. Here the slope of the line is proportional to the reciprocal of the time 
constant. T. and the time axis intercept represents the time for transport delay. fd. 
We tind escellen! correlation and linear fit of the output to a first order exponential 
with a time constant 7 and a time delay td. By performing least squares linear regression 
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?g. 2. Typical mass spectrometer output for CO2 and 0: after a step change in input gas concentration from 
lmbient air to 5% CO2 and 13’; 0: at time I,). The gas flow rate through the cannula is 60 cc,‘min. The paper 
.peed is IO0 mm/s. The bandiridth of the strip chart recorder itself is l-10 Hz and satisfactorily displays the 
Jower dynamics of the mass spectrometer. 
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Fig. 3. Logarithmic transformation plotted over time for both CO: and 0: step forcing. Kate such regression 
results in a straight line with a slope of 117 and a vertical axis intercept of tdl~. The initial. 1. and final. F. values 
of the response must be determined before regression can be performed. 
of the transformed response, we find T for both CO2 and O2 to be in order of 0.03 s and 
a fd of 0.3 s. 
Means t standard deviations for 21 determinations over an 8-week period for time 
constants, T, and transport delay, fd, for the Perkin-Elmer 1100 mass spectrometer are 
given in Table I. We used the least squares regression technique over the range from IO- 
95% of the response to estimate the slope I/T, and the vertical axis intercept, t&, resulting 
in a T of 0.035 c 0.003 s with a td of 0.299 i- 0.014 s for CO2 and T of 0.031 2 0.002 s 
with a td of 0.297 & 0.007 s for O2 with correlation coefficients, r, ranging from 0.996 to 
0.999. 
DISCUSSION 
We measured the response of our Perkin-Elmer II00 mass spectrometer to step 
changes in CO1 and O2 and performed logarithmic transformations of the output, regressed 
over time to determine the time constant and the transport delay of the analyzer. Our 
regression technique utilizes more of the response step when estimating T than the initial 
Table I. Summary for time constant. 5. and transport delay, fd 
co2 02 
T (s) Td (s) r T (s) Id (s) r 
x 0.035 0.299 0.998 0.031 0.197 0.999 
S.D. 0.003 0.014 0.001 0.002 0.007 0.000 
n 21 21 21 21 ?I 21 
Nores. Data for Perkin-Elmer II00 mass spectrometer collected over an 8- 
week time period. Note the excellent correlation coefficient. r. when performing 
the logarithmic transformation. S.D. = standard deviation: n = number of de- 
terminations. See text for experimental detail. 
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slops estimate used by Noguchi et tr1.[7] and allows direct calculation of td. We find 
excellent correlation and curve fit of the output to a first order exponential. 
We sampled the data stream at 100 Hz and the sampling error in time may therefore 
be rtO.01 s. Consequently, the td is within r 0.01 s. This may be reduced with an increased 
sampling rate.’ 
We compensate for the first order time constant and transport delay of the mass spec- 
trometer in breath-by-breath gas exchange computations in resting and exercising 
dogs[lO- I21 using the methods of Mitchell[6], and Wessel, er ~J.[l4]. and compared breath- 
by-breath measurements to the conventional technique utilizing a mixing chamber to pro- 
duce mean expired gas concentrations. CO2 production and O2 consumption comparisons 
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Fig. 4A and B. To validate compensation for time constant and transport delay of the mass spectrometer, we 
plot (A) CO2 production, i/co,. and (B) O2 consumption, iJo,, breath-by-breath averaged over a 2-minute data 
period against i/co:, tioz computed by using gas exchange equations utilizing expired minute ventilation and 
mixed expired COz. 02, and N2 measured from a S-liter mixing chamber in the expired line. K. T. R. M indicate 
four beagle dogs tested on different days at rest and exercise. Data were collected after a 15-minute stabilization 
period. The solid line represents the line of identity. The computations for slope, y intercept, and correlation 
coefficient are for the experimental data points. 
t The sampling rate of data is marginal for calculating the time constant: however the rate approached our 
maximum utilizing PDP I l/IO laboratory computer system with AR-I I analog-to-digital conversion interface. 
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are shown in Figs. 4(a) and (b). We find excellent agreement for respiratory gas exchange 
between the breath-by-breath technique with first order time constant compensation and 
the conventional method utilizing expired minute ventilation and mixed expired CO:. 02. 
and N2 measured from a 5 liter mixing chamber in the expired line to compute respirator! 
gas exchange.: We conclude the regression technique to estimate that ; and tJ produce 
excellent breath-by-breath gas exchange estimates when compared to steady state mixins 
chamber techniques. 
Arieli and Van Liew[ I] may have encountered difficulty in estimating time constants 
and transport delays by oversimplifying their regression model. In their paper they state 
that the time constants were calculated as the positive reciprocal of the slope of the linear 
regression of In( I - f;) or In J. where f; is the response fraction. depending on whether 
concentrations rise or fall. respectively. As can be seen from eqn (3) of our paper, the 
first simplified case arises only if the initial concentrations are 0 independent of vvhethet 
or not data are normalized with respect to the final value. The second case possibly arises 
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Fig. 4. (conrinued) 
$ Not accounting for the analyzer response results in at least a 20% underestimation of gas exchange rate[6]. 
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when the final value is either 0 independent of data normalization with respect to the 
initial value or not. Both restrictions are inconsistent with their experimental data indicated 
by a step change of 6% Ar-31% 02-63% Nz to ambient air (0.93% Ar-20.9% 02). The 
mathematical development presented by us here is independent of rising or falling 
concentrations. 
Our regression analysis does not account for the small curvature at the onset of the 
step response at time td. One may argue that this curvature may result in higher order 
terms of the response. However. these higher order terms occur in the first 20 ms of the 
response, which is short with respect to time for most biological systems and sampling 
rates. Data sampling rates by other investigators similarly have been near or below 100 
Hz[3. 6, 7, 141. 
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